Ventricular assist devices have become standard therapy for patients with advanced heart failure either as a bridge to transplantation or destination therapy. Despite the functional and biologic evidence of reverse cardiac remodeling, few patients actually proceed to myocardial recovery, and even fewer to the point of having their device explanted. An enhanced understanding of the biology and care of the mechanically supported patient has redirected focus on the possibility of using ventricular assist devices as a bridge to myocardial recovery and removal. Herein, we review the current issues and approaches to transforming myocardial recovery to a practical reality.
(Ann Thorac Surg 2015;99:360-7) Ó 2015 by The Society of Thoracic Surgeons T raditionally, a left ventricular assist device (LVAD) is used to assist the advanced heart failure (HF) patient either as a bridge to transplant (BTT) or as destination therapy (DT) for lifetime use. The continuous flow LVAD (CF-LVAD) has become routine therapy for patients with end-stage HF, reproducibly improving quality of life and enhancing survival for both the BTT and the DT population [1] [2] [3] . In addition, a small, but not insignificant, group of patients have improved heart function to the point where the LVAD can be removed, which is often referred to as bridge to recovery. Such reports often describe younger patients with shorter duration of disease, as with viral myocarditis. Importantly, some centers have observed recovery of patients with chronic HF as well [4] [5] [6] [7] [8] .
Cumulatively, there is a growing enthusiasm from basic, translational, and clinical perspectives to pursue strategies aimed at not only implanting LVADs, but rather, also removing them. What if the LVAD became an intervention for the failing heart, instead of a final therapeutic option? What if the LVAD was used as a tool to promote its removal? The advanced HF community is poised to challenge the notion that end-stage HF is end stage, and furthermore, to unleash the possibility that it may actually be reversible. This review will examine some of the issues-scientific, medical, and surgicalinvolved with this paradigm shift toward using mechanical support as a bridge to LVAD removal.
Reverse Remodeling Versus Recovery
Medical and device therapies reduce HF morbidity and mortality as well as reduce left ventricular (LV) volume and mass. Changes in myocyte size, structure, and organization result in a return of normal LV shape and a shift in the LV end-diastolic pressure-volume curve toward normal. These molecular, cellular, and anatomic changes are globally referred to as "reverse remodeling" [9, 10] . This definition suggests a multifactorial process of returning the heart toward its normal phenotype.
The paradox is as follows: although structural changes associated with HF may reverse in some patients, normal myocardial function might not be restored; conversely, on occasion, myocardial function can return to normal with structural components still in disarray. A definition of myocardial recovery was recently proposed as "the normalization of the molecular, cellular, myocardial and LV geometric changes that provoked cardiac remodeling, that allow the heart to maintain preserved LV structure and function in the face of normal and/or perturbed hemodynamic loading conditions" [11] . The advantage of this statement is that it clearly incorporates systolic and diastolic function into the definition of myocardial recovery (Fig 1) .
The distinction between remodeling and recovery provides substrate for academic pursuit but may not be clinically relevant. Indeed, whether a patient needs to have full myocardial recovery before weaning and explanting the LVAD is subject to debate. Many patients with moderately reduced LV function can live good, long lives with medical therapy. If they are able to achieve this functional state, why do they need to have an LVAD? Indeed, if the goal of LVAD therapy is to induce "remission" of HF, rather than full recovery, then we are likely underestimating the population of LVAD patients who could potentially live without their pumps [12] .
reported successful cases of LVAD removal (Table 1) . Within the latest Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) dataset of more than 6,500 Food and Drug Administrationapproved device implants, bridge to recovery accounted for only 1.2% of these patients [13] . Similarly, in the cohort of 1,108 patients enrolled in the HeartMate II (Thoratec, Pleasanton, CA) BTT and DT trials, the rate of myocardial recovery sufficient to allow for device explanation was 1.8% (20 patients: 10 BTT, 10 DT) [14] . This study found device explantation to be more likely in younger patients (less than 40 years of age) with nonischemic cardiomyopathy of short duration (less than 1 year). For patients who did undergo device explant, survival was 95% and 85% at 1 and 3 years, respectively. Importantly, freedom from recurrent HF requiring reimplantation or transplantation was 74% at 3.5 years. This study confirmed some of the previous characteristics seen among explanted patients who received pulsatile pumps [15] . Moreover, these low rates of recovery are seen in patients who (1) were generally not expected to recover, (2) may not have been actively surveyed for evidence of recovery, and (3) may not have been treated with adjuvant therapy specifically aimed at improving myocardial recovery.
When patients with favorable characteristics are systematically treated and prospectively evaluated with a goal of recovery in mind, much higher rates of bridge to removal have been achieved. The seminal reports came from the Yacoub group in England where patients with nonischemic cardiomyopathy and no evidence of active myocarditis underwent an intense period of medical management followed by adjuvant pharmacologic therapy with clenbuterol (see following text). This approach allowed for explantation in 11 of 15 patients (73%) with pulsatile LVADs and 12 of 20 patients (60%) with CFLVADs [5, 6] . Similarly, the Berlin Heart Institute group has explanted nearly 100 patients with idiopathic dilated cardiomyopathy by using serial "turn down" echocardiograms to closely monitor changes in function and geometry so as to actively identify potential recovery candidates [7, 16] . is placed in patients with pathologic remodeling and development of advanced heart failure. After implantation, the heart undergoes variable levels of reverse remodeling. If inadequate (nonresponder), then continued support or transplantation remain the mainstay of therapy. If cellular, metabolic, architectural, and functional reversal occurs to normal, these patients exhibit myocardial recovery. Another, perhaps more common, group are patients who demonstrate functional improvement without structural or molecular normalization. These latter two groups (in orange) are both considered responders to therapy and are candidates for consideration of LVAD removal. Although this review is more clinically focused, there is significant potential to drive decisions regarding candidacy for explantation based on biology. Indeed, many secrets are hiding within the apical core as well as in serum. We and others have utilized gene arrays, proteomics, and other inductive and deductive approaches to identify characteristics of patients who respond to LVAD unloading compared with the nonresponders. Although many of these features have yet to be validated, they offer a promising and appealing avenue for future investigation [12] .
Despite the inherent limitations of small sample sizes, varied periods of LVAD support, and diverse medical management, the available clinical studies cumulatively identify many reproducible themes. Characteristics consistently associated with higher likelihood of recovery include younger age, shorter duration of HF, and nonischemic HF etiology. As demonstrated by both the Harefield and Berlin groups, concerted efforts aimed at identifying patients, a priori, as recovery candidates, coupled with active surveillance, use of adjuvant medical therapy, and standardized weaning protocols may increase the rate of successful pump removal.
Medical Therapy Use With LVADs
Within the mindset of BTT or DT, it is tempting to think of VAD insertion as the final therapeutic intervention for advanced HF. As such, adjuvant medical therapies are utilized, for the most part, to treat blood pressure or arrhythmias, rather than to influence reverse remodeling and myocardial recovery. Indeed, just the mechanical unloading of the weakened ventricle may be a powerful tool to promote myocardial recovery. To understand the influence of unloading alone, we serially followed 81 CF-LVAD patients with turn-down echocardiograms [17] . Within this group, nearly 20% of patients had significant recovery of LV function (ejection fraction >40%). Importantly, most of the return of function occurred in the first 6 months after LVAD implant (Fig 2) . This study is one of the largest to prospectively link mechanical unloading with functional recovery and provides the framework with which to build adjuvant medical strategies to enhance the frequency with which recovery takes place.
The Harefield group catalyzed interest in pharmacologic manipulation of the LVAD patient. A prospective study aimed at improving recovery after pulsatile LVAD placement aggressively treated 15 patients with highdose angiotensin-converting enzyme inhibitors, betablockers, angiotensin-receptor blockers, digoxin, and spironolactone [6] . Once left ventricular end-diastolic size had decreased below 6.0 cm, carvedilol was replaced by bisoprolol (selective beta-1-blocker) and clenbuterol (beta-2-agonist) was initiated. Using this protocol, 11 of the 15 patients (73%) recovered sufficient myocardial function to undergo LVAD explantation. At follow-up, patients who underwent VAD removal for myocardial recovery demonstrated a durable recovery with good quality of life [4, 18] . A subsequent study confirmed the effectiveness of this protocol (in nonischemic cardiomyopathy patients) utilizing the HeartMate II LVAD. In this study, 12 of 19 patients (63.2%) underwent device explantation after a mean 286 days (AE 97) [5] .
Attempts to repeat this experience in the United States were less successful. Using the Harefield protocol, the Harefield Recovery Protocol Study (HARPS) enrolled 17 patients in 6 US centers, of whom only 1 patient successfully had her LVAD removed [19] . Although the reasons for this disparity in results are unclear, differences related to demographics, chronicity of HF, and medication uptitration point to the difficulty of expanding these demanding studies. That said, when a single institution actively engages in intense medical therapy-with biweekly neurohormonal titration-return of LV function may be present in a larger proportion of patients [17, 20] .
The Remission From Stage D Heart Failure (RESTAGE-HF [clinicaltrials.gov NCT01774656]) has since been designed to investigate the influence of aggressive medical intervention on selected patients receiving HeartMate II LVADs. The primary outcome is the proportion of patients who can have their LVADs removed and remain free from additional mechanical support or transplant for at least 3 years. Importantly, these patients will be rigorously followed with serial imaging to not only better define predictors of explantation, but to also chart the course of durable recovery after LVAD removal. Finally, a discussion of medical therapy would be incomplete without mentioning the vast potential of adjuvant biologic therapy to both enhance reverse remodeling and augment contractile function. Several previous attempts at investigating the role of stem cells in LVAD patients have been abandoned by the National Heart, Lung, and Blood Institute for administrative reasons. That said, individual centers are injecting both autologous (University of Minnesota; clinicaltrials.gov NCT00869024) and allogeneic mesenchymal stem cells in LVAD patients (AHEPA University Hospital, Greece; clinicaltrials.gov NCT01759212). The National Institutes of Health-sponsored Cardiothoracic Surgery Network (CTSN) recently reported a 30-patient pilot trial of intramyocardial mesenchymal stem cells injection at the time of LVAD placement. There were no safety issues, and potential efficacy signals were observed. A follow-up trial with more centers and a recruitment goal of 120 patients is being initiated (CTSN LVAD MPC-II). Adjuvant therapy studies are not limited to stem cells, but also include therapies based on growth factors (eg, stromal-cell derived factor-1) and genes (eg, SERCA2a). Cumulatively, the LVAD patient provides a platform that allows for a multitude of creative, biologic interventions.
VAD and Patient Selection
When approaching a patient who has advanced HF with the preoperative notion of recovery rather than BTT or DT, does the type of pump make a difference? In general, both continuous and pulsatile device types have the capacity to provide similar degrees of unloading [21, 22] . Because of their ease of insertion, smaller size, and excellent outcomes, CF-LVADs have essentially replaced their pulsatile counterparts on the VAD shelf. However, when compared with continuous flow devices, pulsatile devices are associated with a greater reduction in brain natriuretic peptide and greater improvement in left ventricular ejection fraction [23] .
Whether differences in the quality and quantity of unloading by a particular device translate into clinically meaningful variances in recovery remains controversial. In a retrospective review of 387 patients with end-stage idiopathic dilated cardiomyopathy who underwent LVAD placement, 25% of patients treated with a pulsatile device recovered and underwent device explantation versus only 3.29% of patients treated with a nonpulsatile device. Multivariate analysis identified pulsatile device and age (younger) as independent factors associated with recovery to LVAD explantation [24] . Despite some of the perceived advantages of early LVAD generation unloading, the modern reality is that most patients will receive implantable, continuous flow devices. Some of the more exciting, ongoing experimental work is focused on making continuous flow pumps pulsatile by linking software with the cardiac cycle.
Smaller and less invasive VAD technology may find a niche with patients who have less advanced symptoms as a strategy for recovery. For example, the CircuLite Synergy (HeartWare, Framingham, MA) pump is a small continuous flow device that sits like a pacemaker in the infraclavicular fossa, can provide flow of 2 L to 3 L/min, and can provide partial support [25] . A particularly appealing aspect of this pump is the ease of implantation and explantation [26] . Ultimately, a key component of any recovery pump is the ability to provide sustained and significant unloading to allow for reverse cardiac remodeling. Whether that reversed phenotype will translate into functional recovery likely remains less an issue of the pump, but rather more of the biology of the patient.
Weaning Protocols
Although several groups have published their experience with VAD weaning, no universal criteria for weaning readiness or universal weaning protocol exist. Compared with pulsatile LVADS, CF-LVADS present distinct challenges when weaning. Pulsatile VADs have one-way valves, thus preventing reversal of flow when LVAD support is discontinued. Weaning or stopping a CF-LVAD risks reversal of LVAD flow and acute LV volume overload. LVAD flows are decreased to the point where reversal of flow begins to be seen during diastole. Others have performed full off-pump testing by inflating an endovascular balloon placed retrograde into the outflow graft. This procedure is done concomitantly with a right-side heart catheterization, often with on-table exercise, to best assess the loading conditions of the unsupported heart.
The Texas Heart Institute group has championed a strategy based on normalization of the cardiac cycle to guide eligibility for pump removal. Once hearts are adequately unloaded (dimensions within normal range, minimal mitral regurgitation), patients are serially evaluated at minimal pump speeds for normalization of aortic valve opening time. With this reconditioning approach, they have removed pumps from more than 30 patients (personal communication, O. H. Frazier, MD, April 2014).
The Montefiore group recently published their prospective use of three-step testing for select patients deemed candidates for recovery. Restoration of myocardial function was assessed 4 weeks after patients reached maximally tolerated doses of HF medicines [27] . If echocardiography at rest and with diminished support (turn down) demonstrates an ejection fraction greater than 40% (step 1), they proceed to cardiopulmonary stress test (step 2) and right-side heart catheterization (step 3). Of 34 patients, 21 subjects made it to step 1 testing, with 16 showing no evidence of improved function. Of the remaining 5 who "normalized" function, 1 elected to keep the LVAD, 1 had an exercise-induced increase in pulmonary capillary wedge pressure and was not deemed an explant candidate, and 3 went on to explantation and are free of major HF events 3 to 5 years after explantation [20] .
In summary, there are no generally accepted criteria for VAD weaning or explantation, and no proposed criteria have been tested in a prospective multiinstitutional fashion. Therefore, any criteria simply represent an integration of published experience from single-center studies and research protocols. Table 2 may serve as guidance for consideration of LVAD explantation in patients clinically deemed suitable for this strategy. Regardless of which criteria are used, some patients may have recurrent HF after LVAD removal. However, applying explant criteria that are too strict carries a risk that some patients who would benefit from device explantation could be excluded.
Surgical Approaches

Insertion
Although the variability of clinical presentation will often determine the specifics for surgical implantation, prospectively setting the goal of recovery implies the need to fix structural heart defects at the time of the initial implant. Fundamentally, the surgical team has to ask the question, how will the heart work when the pump is removed-after LV function has been restored. The most common scenario is related to valve disorders, and much has been written about management of concomitant valve disease with patients requiring VAD [28] [29] [30] .
Aortic valve competence is required for proper VAD function. Depending on the speed setting and level of unloading, CF-LVADs result in aortic valves that are either closed or infrequently opening. This situation can provoke aortic valve commissural fusion, with subsequent development of aortic stenosis or aortic insufficiency. Preexisting aortic insufficiency is known to worsen in the setting of VAD support, and it is recommended that aortic insufficiency be corrected at the time of VAD placement [31, 32] . Some centers have taken an aggressive approach either by coapting the aortic leaflets or fully oversewing the valve [33] . Within the recovery paradigm, the concept of replacing an oversewn aortic valve at the time of LVAD explant is not appealing. Acknowledging a lack of data to support a particular approach, potential explant patients with indications for aortic valve intervention are likely best served with a bioprosthetic aortic valve replacement. This strategy would extend to patients who have an existing mechanical aortic valve or native valve aortic stenosis.
The management of tricuspid valve regurgitation is more controversial. Patients referred for VAD placement will often have biventricular dilation and subsequent development of mitral and tricuspid regurgitation [34] . Although tricuspid valve regurgitation is a marker for potential right ventricular dysfunction, it is unclear whether fixing regurgitation at the time of VAD implantation results in improved outcomes. Tricuspid regurgitation has been associated with longer postimplant inotropic support and length of hospital stay; however, tricuspid valve repair plus VAD implantation has shown outcomes similar to those of LVAD implantation alone [34] . That has led some to question whether repair is necessary. Although no firm recommendation regarding tricuspid regurgitation can be made for the potential removal patient, the general concept remains on repairing structural defects that could influence remodeling, including that of the right ventricle.
Mitral regurgitation is common in patients with HF secondary to the deleterious effects of remodeling. In addition to annular dilation, ventricular enlargement pulls the papillary muscles, distorts their anatomy, and tethers chordal support of the valve [35] . One could argue that mitral regurgitation will improve on its own with LVAD unloading. Indeed, the decrease in LV dimensions will enhance leaflet coaptation. Unfortunately, some ventricles might not shrink, and others might have some redilation after LVAD explantation [7, 36] .
Hence, a more aggressive approach to repair may be indicated. Mitral intervention, with either repair or replacement, at the time of LVAD will incrementally decrease pulmonary vascular resistance and potentially protect a fragile right ventricle [37] . We and others have routinely used the transapical edge-to-edge approach to treat severe mitral regurgitation in LVAD patients [38] . Although traditional mitral valve repair approaches can be safely used, there is an obligate increase in operative time and dissection. The edge-to-edge technique is fairly straightforward and adds only minutes to the procedure. As a technical point, the repair is more easily performed before putting a rigid sewing ring on the apical defect. For example, with the HeartWare device, we will make the core, perform the repair, and then attach the sewing ring. The ability to expose the mitral leaflets is greatly enhanced in this manner. While the ease of the transapical repair is appealing, the approach to mitral repair is patient dependent and there are no data to help guide its use. As another example, for a patient who has multiple factors favoring recovery, yet has a 4.8 cm mitral annulus, we would take a more traditional approach to repair with an annuloplasty ring inserted through a left atrial approach.
Explantation
Traditionally, LVAD removal is performed through a midline sternotomy with complete extirpation of the All studies assessed (1) at rest and with exercise/stress, and (2) at full and partial or no left ventricular assist device support ("turn down" or "pump off" for 30 minutes) after achieving maximal heart failure medicine doses. device and outflow graft. Cardiopulmonary bypass without cardiac arrest is used to repair the apical defect either primarily or with patch closure. The outflow graft is transected at the level of the aorta either with suture or vascular stapling device. However, redo sternotomy and explantation can place a patient at risk for other morbidity that might jeopardize a fragile, recovering myocardium, including blood transfusions and direct cardiac injury. Therefore, most groups have adopted less invasive techniques for VAD removal. All approaches need to consider anatomic issues including need for structural valve repair and presence of LV thrombus. Numerous techniques have been described to facilitate VAD removal without requiring extensive surgical repair of the ventricle, thereby allowing minimally invasive approaches. These often require femoral-femoral bypass on either the beating or fibrillating heart. Even through a minithoracotomy, the apical defect can be fixed directly as with a linear aneurysmorraphy repair. With the more flexible sewing rings (eg, Jarvik 2000), the closure can actually incorporate the sewing ring in this suture (Fig 3) .
With the HeartWare LVAD, the sewing ring can be removed and repaired primarily, or a specially manufactured titanium plug (Fittkau GmbH, Berlin, Germany) can be directly inserted [39, 40] . With the HeartMate II LVAD, a felt plug can be fashioned intraoperatively using a spare sewing ring. This plug is inserted into the attached sewing ring to completely fill the apical defect, thus eliminating the need for extensive ventricular repair and minimizing operative time [41] . We have also wrapped this felt plug with CorMatrix ECM (CorMatrix Cardiovascular, Roswell, GA), a biologic material, with the thought of creating a more biocompatible interface. The pump can be removed and the plug inserted on the beating heart or on peripheral cardiopulmonary bypass.
Although some might argue that leaving a stiff sewing ring on the apex of the heart will decrease apical involvement in contractile function, most explanted hearts will have a portion of the apex that is either akinetic or hypokinetic, even with a geometric repair. One potential advantage to leaving the sewing ring intact is if the patient requires LVAD reimplantation. In this case, rather than exposing large portions of the apex to replace a sewing ring, the existing plug can be removed and the inflow cannula can be reinserted relatively easily.
Other minimally invasive techniques for VAD removal include leaving a portion or all of the inflow or outflow cannulas/grafts in situ. Here, separate small incisions may be utilized to avoid a midline sternotomy [42] . A subxiphoid and separate left and right anterior minithoracotomies are used to access the VAD, the inflow cannula, and outflow graft. Cardiopulmonary bypass is established using femoral venous cannulation and cannulation of the VAD outflow graft. The inflow VAD cannula and VAD can then be removed. The outflow graft is oversewn near the bypass cannula, leaving a small piece of outflow graft in situ.
Recently, even less invasive approaches for VAD removal have been described. With the HeartMate II LVAD, the inflow graft present in the articulating elbow can be exposed by minithoracotomy. This graft can then be clamped, divided, and oversewn. Alternatively, we have used an endovascular stapling device to transect this graft. With that, the entire inflow and outflow components of the device are left in situ [43] . Finally, some have even advocated simply dividing the driveline and leaving the entire pump in situ, ultimately allowing the pump to fully develop a contained thrombus.
Potential complications of leaving portions of the VAD grafts in situ include thromboembolic events or infections. Little information is available regarding the frequency of these complications. Residual graft infections have been described, but overall the limited available reports would suggest that infection or thromboembolic events are uncommon [44] . Outside of a few case reports, the fate of a retained left ventricular inflow cannula, for example, is purely speculative. Currently, we recommend approaching VAD removal in bridge to removal patients using one of the described minimally invasive techniques to avoid the need for redo sternotomy and potentially avoid the need for cardiopulmonary bypass. This strategy is particularly useful for HeartMate II explants, but potentially more challenging with other durable LVADs. The need for cardiopulmonary bypass should not dissuade attempts at LVAD explantation, as long as the patient is appropriately selected. There is much room for creativity in the surgical approaches for these patients. As our understanding and management of myocardial recovery improves, many of the surgical techniques will continue to evolve.
Follow-Up and Outcomes After VAD Removal
Patients selected for VAD removal should continue to undergo close clinical follow-up, serial cardiac functional imaging, and a structured cardiac rehabilitation program. These persons remain advanced HF patients. Thus, aggressive HF medication regimens remain the cornerstone of therapy.
As depicted in Table 1 , outcomes after LVAD removal vary greatly. Unfortunately, the cumulative numbers are small, with inconsistent protocols of weaning and imaging. Furthermore, the denominator does not fully represent all of the potential patients screened. Therefore, durability of myocardial recovery facilitated by LVAD unloading remains largely unknown and provides an area ripe for investigation. The RESTAGE-HF trial will likely provide the most uniformly followed postexplant protocol. In this study, medications will be swiftly uptitrated after LVAD removal. Serial echocardiograms will be performed out to 3 years, in addition to other studies including cardiopulmonary stress tests and right-side heart catheterization as driven by the clinical condition. Ultimately, these protocol-driven studies will give providers a sense of the natural history of these postexplant patients.
In conclusion, whereas the field of mechanical circulatory support was once singularly focused on how to make a good and lasting heart pump, mechanical issues related to LVADs are now less of a concern. For this field to move forward, a paradigm shift must occur. Myocardial recovery exists, but one must look for it and strive to obtain it. All of the studies that have demonstrated rates of recovery less than 2% involve cohorts of patients who are not systemically approached with recovery in mind. In particular, there were no consistent methods to monitor heart function, they lacked protocols for adjuvant HF therapies, and there were no criteria for defining recovery.
Whether it is identifying molecular signatures of recovery, incorporating adjuvant biologic therapies, or designing creative surgical approaches, detailed studies related to reverse remodeling and myocardial recovery are needed. With a better understanding of this biology, all patients will be considered bridge to removal candidates, and transplantation and destination therapy will be reserved for those who do not demonstrate evidence of functional recovery despite optimal adjuvant therapy.
